Gas vesicle protein may account for more than 6% of the cell dry weight and over 10% of the total cell protein in the planktonic cyanobacterium Anabaena Jlos-aquae. The gas vesicles collapsed by rising cell turgor pressure during buoyancy regulation can therefore represent a significant protein pool within this organism. We have looked for evidence of gas vesicle protein recycling. Gas vesicles were isolated from cells of A . 80s-aquae that had been pressurized and then cultured in a radioactively labelled medium. The new gas vesicles that formed were less highly labelled than the new vesicles formed in cells from a second culture that had not been pressurized. The results suggest that the collapsed gas vesicles are disaggregated and that the constituent gas vesicle protein is reassembled into new gas vesicles. Proof of this will require experiments using in vitro assembly systems.
INTRODUCTION
The walls of gas vesicles, which comprise the gas vacuoles of cyanobacteria and other planktonic micro-organisms, are composed of a single type of protein, gas vesicle protein (GVP) Walker & Walsby (1983) . The gas vesicles are hollow structures of low density and they provide buoyancy. Some planktonic cyanobacteria, such as AnabaenaJlos-aquae, regulate their buoyancy by controlling the volume occupied by intact gas vesicles. They do this by accumulating new gas vesicles under low light intensity and collapsing existing intact gas vesicles under high light intensity. The collapse of gas vesicles is brought about by a rise in cell turgor pressure generated partly by an increase in the concentration of organic products of photosynthesis (Dinsdale & Walsby, 1972; Grant & Walsby, 1977) and partly by light-stimulated accumulation of potassium ions from the suspending medium (Allison & Walsby, 1981) .
GVP is one of the more abundant proteins found in extracts of A._flos-aquae (Walsby, 1977) , and may account for over 10% of the total protein. When the cyanobacterium is transferred from conditions of low to high light intensity, over 60% of those gas vesicles initially present may be collapsed (Oliver & Walsby, 1984) . We have examined the idea that the GVP from these collapsed gas vesicles is recycled. There are several features of gas vesicles that facilitate such an investigation into the turnover of their component molecules. Firstly, it is possible to isolate intact gas vesicles in a highly purified form (Buckland & Walsby, 1971) . Secondly, all of the gas vesicles present in a cell may be collapsed by application of pressure; none of the collapsed gas vesicles are subsequently isolated with the intact structures that are recovered by centrifugally accelerated flotation. It is therefore possible to follow the incorporation of label into the structures from a precisely known time. Thirdly, the fact that there is only one type of constituent molecule, GVP, greatly simplifies interpretation of the results.
We report here the results of 14C-labelling experiments which support the idea that GVP from collapsed gas vesicles is recycled into new intact gas vesicles.
RESULTS A N D DISCUSSION
The overall changes in dry weight, protein and gas vesicle content of A . 30s-aquae cells that occurred on transfer from culture A , grown on unlabelled bicarbonate, to cultures B and C, grown for 5 d on labelled bicarbonate, are summarized in Table 1 . It is seen that there was no significant difference in cell growth in cultures B and C, as estimated from the change in dry weight, but the gas vesicle content of culture C, which had been pressurized to collapse existing intact gas vesicles, had increased more than that in culture B, which had not been pressurized. 10.6 7.7 13.9 17-6 --* All gas vesicles were formed after the collapse of existing gas vesicles in the initial culture. The total gas vesicle t Calculated from gas vesicle volume.
$ Estimated from that proportion of the dry weight accounted for by protein in cells of A.Jos-aquae grown under content is therefore equivalent to the net increase in gas vacuolation during the labelling period.
conditions similar to those used in the present study (Oliver & Walsby, 1984) .
The protein in the gas vesicles accounted for nearly 6% of the total cell dry weight, and over 10% of the total cell protein in culture B, and the new GVP in the extra gas vesicles synthesized represented nearly 14% of the new total protein accumulated during 5 d growth. This relative increase in gas vesicle content is probably a response to the decreasing mean light intensity within the growing culture (Van Liere . The GVP in new intact gas vesicles represented an even larger proportion of new protein in culture C but as discussed below some of this GVP may not have been newly synthesized. At the end of the period of growth on 14C-labelled bicarbonate the radioactivity of the cyanobacteria was measured and it was calculated that the specific activity of the extra carbon incorporated in this period did not differ significantly from the specific activity of the carbon supplied in either culture, B or C . The results of other analyses performed on these cultures are given in Table 2 , and from the values obtained it is possible to calculate the proportion of labelled and unlabelled carbon in the gas vesicles present after each treatment.
The specific activity of the carbon in the gas vesicles isolated from culture B [39.58 Bq (pg C)-l ] was found to be 0.655 times that of the specific activity supplied [60.38 Bq (pg C)-' 1. Thus of the 5.25 yg GVP present per ml of culture 65-5 %, or 3.44 pg, had formed from labelled carbon fixed after resuspending the Anabaena in 4C-labelled medium. This corresponds fairly closely with the net increase in gas vesicles determined by the compression tube measurements, 3.1 1 pg per ml of culture. (The small difference between these estimates, 0.33 yg GVP per ml, may indicate that a small proportion of the original unlabelled gas vesicles was lost by spontaneous collapse.) Hence, none of the new GVP accumulated in this culture had been synthesized from unlabelled carbon. In culture C, 3.74pg of gas vesicles were formed per ml of culture after pressurizing and subsequent transfer to 14C-labelled medium. If all of the carbon they contained had come from carbon fixed after transfer it would have had the same specific activity as the carbon supplied, i.e. 56.93 Bq (pg C)-l. In fact the specific activity of the GVP carbon was only 36-72 Bq (pg C)-I, which is 0.645 of that supplied. This indicates that about 35% (or 1.33 pg GVP per ml of culture) of these new gas vesicles had been formed from unlabelled carbon fixed before pressurizing and transfer. The accumulation of unlabelled GVP in the new gas vesicles could be explained in a number of ways.
( I ) Organic carbon recycled from protein turnover. It is known that in other bacteria many proteins have a limited life-time and are broken down into amino acids by proteases (Pine, 1972) . In theory, the unlabelled protein in the new gas vesicles of the pressurized culture could have been synthesized partly from such breakdown products. However, if this had occurred the new gas vesicles in the unpressurized culture should also have contained unlabelled protein.
Since they did not this explanation is unlikely to be correct. The same considerations apply to carbon recycled from other reserves, such as glycogen.
(2) Recycling of G VP via proteozysis and resynthesis. The amount of unlabelled GVP present in the new gas vesicles formed after pressure treatment (1 -33 kg ml-I ) was equivalent to 62 % of the (unlabelled) GVP in the gas vesicles collapsed by pressure (2-14 pg ml-l ) and hence all of it could have come from the collapsed vesicles. However, if the GVP from collapsed gas vesicles had been first hydrolysed into its constituent amino acids there is no obvious reason why it should have been used to synthesize new GVP in preference to other proteins. The proportion that would enter GVP would have been no more than the proportion that GVP formed of the total protein being synthesized, i.e. only 17+6%of the 2.14 pg ml-(see Table l ), or 0.39 pg GVP per ml of culture, substantially less than the 1.33 pg of unlabelled GVP observed. These considerations are made with the assumption that there had been a steady rate of cell growth and gas vesicle production.
A higher proportion of unlabelled amino acids entering new gas vesicles could in theory have resulted from an increased rate of GVP synthesis coinciding with a sudden release of amino acids from the unlabelled collapsed gas vesicles. In a separate experiment we followed the time course of gas vesicle production in pressurized and unpressurized samples of a culture. We again demonstrated a higher rate of gas vesicle production after application of pressure but that increased rate was sustained over 2 d and was not restricted to a short period of time (see Fig. 1 ). The rate of cell growth showed no significant change over the same period in either sample. Again, there is no support for this explanation from these results. (3) Recycling of intact GVP molecules. A third possibility is that GVP from the collapsed gas vesicles becomes reassembled into new intact gas vesicles. This would be entirely consistent with the high proportion of unlabelled GVP found in the new gas vesicles of pressure treated cells and provides the most likely explanation for the observed labelling pattern. The recycling of GVP indicated by this experiment was not expected. We therefore performed three further experiments of similar design. In each case we observed that unlabelled GVP was incorporated in the new gas vesicles assembled after application of pressure; in the four experiments unlabelled GVP accounted for a mean value of 43.6% of the new gas vesicles formed. In all of the experiments it was also observed that the unlabelled GVP incorporated in new vesicles was equivalent to a substantial percentage (mean value 61.9%) of the GVP in the collapsed gas vesicles and that the amount of gas vesicles assembled in the pressurized culture exceeded that in the unpressurized one (by a mean value of 38.8%) after 5 d. We also performed a further experiment in which the cells were grown initially in the presence of 14C-labelled medium and then resuspended in unlabelled medium. In this experiment 14C-labelled carbon was recycled into the new gas vesicles that formed in similar proportions to the unlabelled carbon recycled in the experiments described above. Together these experiments provide strong evidence for the unexpected recycling of undegraded GVP from collapsed gas vesicles into new intact ones.
\
If GVP is recycled without degradatioh it is likely that this would proceed by disaggregation of the protein molecules followed by their reaggregation. Collapsed gas vesicles cannot be reinflated with gas because they are far too permeable to gases and they are anyway damaged by the separation of their conical end caps (Walsby, 1971) . Lehmann & Jost (1971) demonstrated that following collapse of gas vesicles by pressure the new ones that formed showed the same gradual elongation from biconical initials that characterize gas vesicles forming by de nouo assembly (Waaland & Branton, 1969) .
In order to prove the recycling via disaggregation and assembly it might be necessary to perform experiments with in nitro systems of gas vesicle assembly supplied with labelled collapsed gas vesicles. Lehmann & Jost (1972) reported a short-lived assembly system from another cyanobacterium, Microcystis aeruginosa. Special factors would be necessary because isolated and purified gas vesicles do not reassemble spontaneously after collapse (Walsby, 197 1) .
